This paper presents a robust automation model for internal combustion engines test beds. A Linear Quadratic Regulator (LQR) allows setting the desired engine speed and torque on both compression and spark ignition engines. With this methodology, the user can change the engine by another one of different characteristics with few adjustments on the controller parameters. The controller was implemented using a microcontroller in order to guarantee operation in real time. The LQR controller performance has been validated in a wide range of engine operating modes, from low to high speeds and variable loads showing a good response. The description of the model using first order transfer functions with delay has proven to be a good approximation, despite of the nonlinearities caused by the turbocharger and the electronic control unit (ECU) incorporated in the engines. This low cost automation system has been tested for the last three years in a test rig at a university laboratory showing a good performance.
INTRODUCTION
Since the late nineteenth century, oil became the main source of energy in transportation systems, but by the early twenty-first century the shortage of this product and its polluting effects force researchers to develop environmentally friendly fuels. Research and development tasks for Internal Combustion Engines (ICE) requires precise and reliable control systems in order to guarantee consistent experimental conditions, especially when small differences are expected. This is the case in which several fuels, blends of fuels, additives, fuel saving devices or postreatment systems (among others) are going to be compared in an engine test bed.
The test bed is composed by an internal combustion engine whose main shaft is connected to a braking system in order to simulate and test variable load conditions for the engine. An internal combustion engine is a machine that involves thermodynamic processes, fluid mechanics and chemical reactions, its modeling is still difficult and a subject of discussion. Several authors agree that the dynamic of the combustion chamber is the dominant process of the ICE (Powers (1981) ; Heywood (1988) ; Plint and Martyr (1997); del Portillo Valdes et al. (2007) ), which implies the use of This project was financially supported by the Colombian Ministry of Agriculture and Rural Development, Sofasa-Renault, ElÁrea Metropolitana del Valle de Aburrá, and the Comité para el Desarrollo de la Investigación (CODI) from the University of Antioquia. Project No. 003 2007D3608-67 (Bioethanol E-20 project) and project 001 2007D3347-499 (Biodiesel) . different models according to the engine ignition system (compression or spark), this prevents the use of a generic model for control design.
The braking system is a magnetic brake based on Eddy currents where the braking force depends on the current and the coil inductance, that is defined by the geometry and material characteristics (Lee and Park (1999) ; Gonzales (2004) ; Gosline et al. (2006) ). In absence of manufacturer information, it is possible to retrieve the parameters from experimental data, in order to obtain a proper model since torque is directly proportional to the current flowing through the brake and to the shaft speed (Anwar (2004) ).
The inherent difficult of modeling the engine-brake assembly using phenomenological first principle models oriented to control systems, has made that some authors only focus on control variables. Powers (1981) stated that for a digital control, a relatively low order model (quasi-linear) was enough, due to the restrictions in control implementation; i.e. an approach of transfer functions can be successful in the vicinity of a given speed-torque point. Bunker et al. (1997) and Cook and Powell (1988) have followed this approach and designed models with two inputs and two outputs with transfer functions of first and second order with delays.
In this work, a control system for engine speed and torque, based on a LQR, has been developed. It was designed with first order transfer functions with delay, and it was successfully implemented and validated in the whole operating range of a diesel and a spark ignition enginedynamometer assemblies (López (2009) ).
METHODOLOGY

Equipments and systems
Two engine test beds were instrumented and automated; one was used for research in diesel engines and the other in spark ignition engines. Table 1 presents the technical specifications of the engines used in this work. The diesel engine was coupled to a Schenck W230 Eddy currents magnetic brake, while the spark ignition engine was coupled to a Schenck E90 Eddy currents magnetic brake. Both test beds have been instrumented with hotwire air flow sensors (Magnetrol TA2), K-type thermocouples (environment temperature, inlet-outlet engine water, oil, hot gases, turbo compressor inlet and outlet temperatures) and strain gauge pressure transducer sensors (ambient pressure, turbo compressor inlet and outlet and oil pressures). The diesel fuel flow was measured with an electronic weight scale, while the gasoline was measured with a Danfoss Massflo 6000 Coriolis-type mass flow sensor.
The engine speed sensors were mounted on the electromagnetic brakes. The Schenck E90 brake had an optical sensor, while the Schenck W230 had a magnetic reluctance sensor. A frequency-voltage converter was implemented in order to generate an analog signal proportional to the speed.
The engine torque was measured with load cells attached to the brake stators. This signal reached few milliamperes and it was very sensitive to noise. In order to solve these problems an instrumentation amplifier was implemented. It rejects the noise that enters through the casing and other spurious interferences while amplifies the signal between 1000 and 5000 times. A low-pass active filter with a cutoff frequency below the minimum engine speed (idle speed) was implemented in order to avoid undesirable variations generated by piston movement.
High speed data were acquired using a LabView TM based software together with a National Instruments TM data acquisition system (Model PCI-MIO-16E-4 board). The program developed for real time monitoring and recording was called Toné (Figure 1 ). The engine speed system is mainly governed by the fuel entering the combustion chambers -which is controlled by the throttle valve position of the acceleration systemand by the torque generated by the brake. The braking torque is mainly governed by the electric current through For the throttle valve opening, a direct current stepper motor was used. A direct current flowing through the brake coil, similar to those used to control the speed in DC motors was used to generate rotation resistance (load). In order to guarantee the appropriate operating mode, an 80 V -20 A power supply with a chopper based in MOSFET transistor was developed and controlled by a Pulse Width Modulation (PWM).
Automation model description
Several authors agree that the process inside the combustion chamber is the dominant dynamic of the engine, so it is advisable to model it with the flow of air or fuel entering the chamber (Powers (1981) ; Cook and Powell (1988) ; Van Lith (2002); Ritzén (2003) ; del Portillo Valdes et al. (2007)). But this approach divides the models by type of injection system, preventing to use one model on two engines with different characteristics, and in many cases, the model is too complex for real time control.
Due to the difficulty to obtain a phenomenological model suitable for all engine-dynamometer assemblies, besides the enormous effort involved, some authors have chosen to focus the model towards the most significant control variables. Hopkins and Borcherts (1980) and Morris et al. (1981) have created models with seven state variables, later Powers (1981) reduced it to five. The three authors studied spark ignition engines and they included the spark dynamics on the control variables, but that is not a modifiable parameter in serially manufactured engines.
A more generic approach is desirable, Powers (1981) stated that if the target is a digital control, then relatively low order models in discrete time and quasi-linear are wanted. Some authors have followed this philosophy (Bunker et al. (1997) ; Cook and Powell (1988) ), and have designed models of two inputs and two outputs with transfer functions of first and second order with delay. Based on their work, the internal combustion engines used in this project were modeled with independent transfer functions according to the following matrix:
with:
Engine speed in rpm T orque(s) :
Braking torque in Nm %Opening(s) : Percentage of the throttle opening Brake(s) :
Current entering the brake represented in divisions of PWM K ij :
Gains
Subsystems time constants
The system inputs are the percentage of throttle opening and the current through the magnetic brake, and the outputs are the engine speed and torque. In order to find the parameters of the matrix of transfer functions, the following procedure was implemented covering a wide range of engine operating modes:
(1) A test of acceleration steps (each 5%) without any brake load was carried out from idle to maximum engine speed.
(2) With the throttle valve fixed in the maximum engine speed point, current incremental steps (each 5%) were applied on the dynamometer coil, increasing the load until engine speed reached the minimum. (3) Alternating the acceleration and the load, steps 1 and 2 were carried out until the engine reached its maximum power, in order to obtain relevant data from the main operating modes.
The IDENT toolbox of Matlab R was used after obtaining these experimental data in order to find the parameters of each curve. An average of eight curves located throughout the operating range (speed and torque) was used in order to obtain each subsystem model. All sub-models were validated with different datasets from those used on the identification. The first-order model with delay obtained for the spark ignition engine was:
and the model for the diesel engine was:
The controller response was affected by disturbances associated with each engine, i.e. the turbocharger and pump for the diesel engine and the electronic control unit for the spark ignition engine.
The turbocharger turn-on and the fuel pump turn-off were the most significant non-linearities of the diesel engine. The first one generated a sudden increase of speed, while the fuel pump turn-off caused a temporally loose of power (ISUZU (1991)). Figure 2 shows the turbocharger turn-on and the Figure 3 shows the fuel pump turn-off processes for the diesel engine.
On the spark ignition engine, the non-linearities were introduced by the electronic control unit (ECU), governing the fuel supply while guaranteeing a stoichiometric fuel-air mixture. This means that the fuel supply does not depend exclusively on the throttle valve position (accelerator). Figure 4 shows the ECU effect at 2.550 rpm (without load) where the ECU changed the speed with no throttle action.
State-space model selection
A Linear Quadratic Regulator (LQR) was implemented in order to fulfill the test bench requirements (speed and torque control in transient and steady state). It is a linear control technique that offers a simple state control rule, robust to non-linearities of the engines and simple to implement in digital systems (Franklin et al. (1997) ; Espinosa (2003) ).
The LQR requires a state-space model of the engine. A transformation to the state-space with a transfer function can be performed using computational tools, but multipleinput and multiple-output systems have a special proce-Preprints of the 18th IFAC World Congress Milano (Italy) August 28 -September 2, 2011 Fig. 4 . ECU effect on the engine. On the electronic spark engine the ECU controlled the throttle valve based on the acceleration pedal position and the lambda sensor. At 38 s the internal conditions of the engine changed and the ECU increased its speed even the accelerator was fixed dure for each situation. In this case a simple and practical state-space transformation method developed by Pota (1996) was implemented. The transformation procedure began by introducing state-space entries into the matrix of transfer functions of equation (1) with a change of variable, and applying the inverse Laplace transformation, resulting:
With this procedure, the states lost some of their physical meaning by making the transformation to time, because they could not be represented as physical variables, but they retained a very simple structure that allowed to recognize the origin of each parameter. The gain matrix values (K ij ) were replaced by each engine gains. As the control algorithm was implemented on a microcontroller, the matrix was corrected to include the actuators gains, resulting:
C Renault = 17.54 −3.18 1.16 2.32 (5)
In both engines most of the transfer functions coincided in the delay, it was chosen an average value for each one: τ Renault = 0.15 s τ Isuzu = 0.6 s
LQR controller
LQR technique calculates a matrix K, which being admitted to a feedback control must meeṫ
furthermore, this technique minimizes a cost function given by Fig. 5 . Spark ignition engine on the linear region. Several fixed size speed and toque steps were performed between 1.500 -2.000 rpm and 10 -20 Nm with an expected response on each case which penalizes the error in the system by applying a correction proportional to the magnitude of the error.
The matrix K(t) corresponds to the time invariant control law: K = R −1 B T P (9) this means that calculating the matrix K in steady state, its coefficients are constant (Menendez and Simon (2004) ), then the controller only needs to find appropriate values for the Q and R matrices.
An integral action was added to compensate the steadystate error. The matrices Q and R were expanded to match the structure of the cost function.
On the ICE model proposed, the gain of the engine speed was punished because it was larger, as the same as the torque response time because it had a faster actuator. The engine speed and torque did not varied significantly with different values of Q and R, but the actuators were sensitive to this changes and tended to oscillate, even when the system seemed stable, then those matrices must be carefully chosen.
Adjusted the curves of the model to meet the design conditions, R matrices on both engines were identity, and the Q matrices were: 
RESULTS AND VALIDATION
Spark ignition engine validation
The performance of the controller was tested through different operating regions of the engine operating mode.
Initially several steps were made in the linearized region, Figure 5 shows speed steps between 1.500 rpm and 2.000 rpm with changes in torque of 10 Nm to 20 Nm, with a good response of the controller. Figure 6 shows the controller response to speed steps from 3.000 rpm to 3.400 rpm. Responses with damping were expected, because in this region the gain was larger than that obtained on the model linearization. 
Compression ignition engine validation
The controller performance was tested around the nonlinearities exposed before. Figure 7 shows speed steps without load from 1.000 rpm up to 4.000 rpm. Between 1.200 rpm and 1.800 rpm the turbocharger turn-on is observed, the controller did not show oscillation or steadystate error, leading the engine to the 2.000 rpm set point. When the ICE switched from 3.000 rpm to 4.000 rpm, there was a drop in the speed produced by the fuel pump turn-off, the controller response was accurate without overdamping on the final speed value. Figure 8 shows steps from the region close to the turbocharger turn-on until 3.000 rpm, with variations of torque between 20 Nm and 40 Nm. The controller could get the final value with an expected overshoot due the large set-point change of about 30 % of the span.
Transient control (Follower of trajectories)
The procedure for conducting this test was to remove the manual control of the set-point, replacing it with a trajectory providing the controller the desired engine speed and torque at each instant of time. Figure 9 shows the test result, the ideal trajectories were superimposed (straight lines), the engine speed and torque were followed by most of the trajectory. However, as can be seen at 20 s of testing, the change in the slope of torque affected the speed trajectory, because there was not a fast actuator on the fuel injection (as expected). Fig. 8 . Compression ignition engine with high amplitude steps. At 65 s was performed a speed step from 3.100 rpm to 2.200 rpm, the speed changed its inclination three times until it reached its final value causing same number of peaks on torque Fig. 9 . Controller response to transient tests. A road condition was simulated in order to verify the controller response: the user increases the engine speed before arriving to a hill, then the torque has two increases and finally the hill ends and the vehicle begins the descent. The controller had an accurate response, a short oscillation appeared at 20 s due the hard torque demand
Other results
This control system has been used during the last three years in the engine laboratory at the University of Antioquia in Medellín (Colombia). Both engine test beds have been used in order to explore the performance and emissions of diesel and spark ignition engines using several biofuels and its blends with conventional fuels over a wide range of engine operating modes. The use of blends such as E20 (20% ethanol + 80% gasoline) and blends such as B5 and B20 (blends of diesel fuel with 5 and 20% of several indigenous biodiesels) have been analyzed using the instrumentation, controller and software herein presented. Those results have been published in several scientific journals (Agudelo et al. (2009a,b) ; Benjumea et al. (2009); Agudelo et al. (2010) ).
CONCLUSIONS
A low cost, powerful and robust multivariable control system based on transfer functions was developed, implemented and tested on two internal combustion engines (diesel and spark ignition) test beds. The control did not depend on engine or fuel type. The controller was successfully tested in a wide range of engine operating modes. It could pass through the engine non-linearities such as Preprints of the 18th IFAC World Congress Milano (Italy) August 28 -September 2, 2011 turbocharger turning on and some ECU points reaching the stabilization in neighboring points.
The process of designing a LQR controller from a matrix of first order transfer functions with delay for engine speed and torque, met the requirements of control for engine test beds used for research activities.
